The pathophysiology of branch pulmonary artery (PA) stenosis after the arterial switch operation, most commonly on the left, is incompletely understood. This study examines factors associated with left PA (LPA) obstruction.
Conclusions
Neo-pulmonary to neo-aortic geometry as well as post-operative compression of the LPA by an enlarged aorta impact LPA size and perfusion of the left lung.
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Background
Transposition of the great arteries (TGA) is the commonest cyanotic congenital heart lesion among those presenting in the neonatal period. 1 The arterial switch operation (ASO), first performed by Dr. Adib Jatene in 1974, 2 and typically combined with the Lecompte maneuver, 3 has become the operation of choice for infants with this condition. 4 Recognized late complications of the ASO include pulmonary artery (PA) obstruction and neo-aortic root dilation. 5, 6 PA stenosis is seen in two-thirds of patients following the Lecompte operation and is the most common reason for reintervention. 6 The left pulmonary artery (LPA) requires intervention at 1.5× the rate of the RPA; the reasons for this discrepancy are not clear. 6 Based on previous reports and on our clinical observations, we hypothesized that branch PA stenosis is precipitated by a 'stretched' course of the PAs, especially the left, anteriorly over the often dilated aortic root ( Figure 1A) . The more rightward the neopulmonary root, the further the distance to the hilar LPA and, in theory, the more stretched the LPA becomes leading to the greater potential for obstruction ( Figure 1B) . Vice versa, an LPA under tension and crossing the aortic root may also change the configuration of the aortic root. If the orientation of the neo-pulmonary root proves to be a risk factor it may be possible to address the geometry intra-operatively and post-operative surveillance for LPA obstruction may need to be adapted. The aim of this study was to explore possible mechanisms of LPA obstruction in patients with TGA after ASO.
Methods
This is a single centre retrospective observational study which received approval from the institutional research ethics board. All patients who underwent a cardiac magnetic resonance (CMR) study following an ASO including the Lecompte manoeuvre between January 2008 and July 2014 were analysed. Patients with repaired Taussig-Bing malformation were included. Studies with poor image quality and exams performed following PA reinterventions were excluded from analysis. In patients with multiple studies, the most recent eligible study was used. Patient demographics and surgical information were obtained from the patients' medical records. Echocardiographic Doppler-based estimates of branch PA peak gradients were obtained from the study performed closest in time to the CMR, as long as the echocardiogram took place within 6 months of the CMR. Patients with RPA stenosis defined as a peak-instantaneous Doppler gradients .30 mmHg were excluded as the presence of RPA obstruction could have an independent effect on the main marker of LPA obstruction used in this study: relative LPA blood flow. Pre-operative branch PA size and coronary artery anatomy were obtained from the pre-operative echocardiogram reports.
CMR imaging
CMR examinations were performed on a 1.5 Telsa scanner ('Avanto', Siemens Medical Solutions, Erlangen, Germany). The protocol included scout imaging, phase contrast flow velocity mapping, as well as contrastenhanced MR angiography, using the following image parameters:
Electrocardiographically (ECG) gated scout images were obtained in three orthogonal body planes using a steady-state-free precession sequence. The following measurements were made on a Centricity PACS (GE Healthcare, Barrington IL, USA) workstation: To determine the relationship of the neo-pulmonary and the neo-aortic roots, the angle between a line from the midpoint of the aortic root to the midpoint of the pulmonic root and a straight antero-posterior line was measured on an axial scout image ( Figure 2) . A positive angle was defined as a neo-pulmonary root position to the right of the neo-aortic root. On a coronal scout image through the ascending aorta and the apices of both lungs, the cranio-caudal difference between the centre-points of the RPA and LPA was measured ( Figure 3) . The aortic root diameter was also measured in the coronal plane ( Figure 3) .
Phase contrast imaging was performed for flow measurements through the right and left branch PAs in the routine clinical fashion, with a temporal resolution that was sufficient to accommodate 25 true phases per cardiac cycle. The phase contrast images were analysed using dedicated software (Qflow, Version 5.2, Medis Medical Imaging Systems, Leiden, the Netherlands). Left lung hypoperfusion was defined as LPA blood flow ,40% of total pulmonary blood flow.
Contrast-enhanced angiograms were obtained using either an ECGgated gradient echo inversion recovery sequence following injection of gadofosveset trisodium ('Ablavar', Lantheus Medical Imaging, North Billerica, MA, USA) or a non-gated static contrast-enhanced magnetic angiogram with gadobenate dimeglumine ('Multihance', Bracco Diagnostics, Princeton, NJ, USA). Multiplanar reformats of the threedimensional datasets on a dedicated work station ('Leonardo', Siemens) were used to measure PA cross-sectional areas in two orthogonal dimensions at the narrowest portion proximal to the first branch.
The degree of aortic regurgitation based on regurgitant fraction was as follows: none to mild as 0 -20%, moderate as 20 -40%, and severe as .40%.
All distances, areas, and flow measurements were indexed to body surface area (BSA).
Statistical analysis
Continuous variables are expressed as means + SD or medians and ranges as appropriate. Categorical variables are represented by frequencies and percentages. Comparisons of continuous or categorical variables were performed using Fisher exact tests or Student's t-test were appropriate. Correlation between normally distributed continuous variables were assessed using Pearson's correlation coefficient. The position of the neo-pulmonary root relative to the aorta may affect LPA blood flow only once it is displaced to the right of the neo-aorta. Therefore, in addition to the overall cohort, we analysed a subgroup of patients whose neo-pulmonary root was to the right of the neo-aortic root. For the purpose of this study, an unusually rightward position of the neo-pulmonary root was defined as a neo-pulmonary valve to neo-aortic angle in the upper quartile of all patients with a rightward neo-pulmonary root; a grossly dilated aortic root was defined as an aortic diameter in the upper quartile of all patients. All statistical analyses were conducted using 'InStat', version 3.0 (GraphPad Software, La Jolia, CA, USA). Probability values ,0.05 were considered statistically significant.
Results
Eighty-one patients with one CMR study each were included in the initial analysis. From these, we excluded the studies of eight patients who had RPA stenosis based on Doppler echocardiography, three patients with poor image quality and four patients with PA intervention prior to CMR, resulting in 66 studies used in the final analysis. Sixty-eight per cent of patients (n ¼ 45) were male, mean BSA was 1.6 + 0.39 m 2 , median age at surgery had been 6 days (range 1 -100) and mean age at time of CMR was 14.3 + 3.6 years. Fifty-three per cent (n ¼ 35) had TGA with an intact ventricular septum, 30% (n ¼ 20) had TGA with a ventricular septal defect (VSD), 14% (n ¼ 9) had TGA with an aortic arch anomaly, and 3% (n ¼ 2) had Taussig-Bing malformation. Six per cent (n ¼ 4) of patients had undergone pulmonary arterioplasty at the time of the ASO. Pre-operatively, there had been no difference between RPA and LPA size based on indexed echocardiographic measurements (2.18 + 0.44 vs 2.16 + 0.45 cm, P ¼ 0.85) and there was no association of pre-operative LPA diameter and post-operative reduction in blood flow or calibre. Coronary artery anatomy was 'usual' in 45 patients (67%), in 15 patients (23%) the left coronary artery (LCA) arose from sinus 1 and the right coronary artery (RCA) and the circumflex (Cx) artery arose from sinus 2, in 3 patients (5%) both the LCA and RCA came off of sinus 1 and the Cx arose separately from sinus 2 and in 3 patients (5%) there was a single coronary artery arising from sinus 2. Seventy per cent (n ¼ 46) had balanced pulmonary blood flow by CMR, 28% (n ¼ 18) had decreased flow (,40% of total pulmonary blood flow) to the left and 2% (n ¼ 2) had decreased flow to the right lung. Eighty-three per cent (n ¼ 55) had a rightward neopulmonary root, 5% (n ¼ 3) had a direct antero-posterior great arterial arrangement, and 12% (n ¼ 8) had a leftward neo-pulmonary root. The mean relative LPA blood flow was 44 + 10%. Average minimal cross-sectional LPA area, indexed to BSA, was smaller than RPA area (62 + 37 vs 120 + 64 mm 2 /m 2 , P , 0.0001). In- As these results suggested that aortic root enlargement and a rightward neo-pulmonary position were risk factors for LPA obstruction we analysed a subgroup of patients who had at least one of these risk factors (only one patient had both), i.e. either an aortic root diameter or a neo-pulmonary root angle in the upper quartile range (top 25% of the overall cohort). The upper quartile for angle was determined only among patients with a rightward neopulmonary root. We compared patients with at least one risk factor and compared them with patients with no risk factors. Patients with at least one risk factor had a significantly smaller LPA area indexed (53 vs. 73 mm 2 /m 2 , P ¼ 0.04) and less relative pulmonary blood flow (41 vs 46%, P ¼ 0.02) compared with patients with no risk factors. Echocardiographic Doppler velocity measurements of the branch pulmonary arteries were available in 38 patients or 58%. In 14 (21%) of those with an echocardiogram available for review, PA Doppler measurements were technically not feasible. In the remainder, the average estimated peak-instantaneous gradients were 15 + 8 mmHg in the RPA and 15 + 7 mmHg in the LPA. Neither relative LPA flow (P ¼ 0.7) nor indexed cross-sectional LPA area (P ¼ 0.13) by CMR correlated with LPA peak Doppler gradient by echocardiography. There were no associations between the presence of aortic root enlargement or rightward rotation of the neo-pulmonary root and LPA Doppler gradients. There was no difference in peak Doppler gradients in patients with decreased relative pulmonary blood flow (,40%) compared with those with .40% of relative pulmonary blood flow (14 vs 14 mmHg, P ¼ 0.68).
Eighteen patients (28%) had decreased relative pulmonary blood flow (,40%), of which 14 had a rightward neo-pulmonary root, one a direct antero-posterior position while three demonstrated a leftward neo-pulmonary root. Comparing patients ( Table 1) with decreased LPA flow to those with LPA flow .40% of total pulmonary blood flow, there were no differences in gender (male 56 vs 73%, P ¼ 0. 
Discussion
Branch PA obstruction is a well-recognized complication after the Lecompte maneuver and the most frequent indication for reintervention after the ASO. 7, 8 The pathophysiology of branch PA stenosis, which most commonly affects the LPA, 6 is incompletely understood. Risk of pulmonary trunk or branch PA obstruction has been associated with lower body weight at the time of surgery, LCA arising from sinus 2 as well as surgical experience. 8 Adjustments in surgical strategy at the time of ASO that reduce the potential for PA stenosis rely on knowing its mechanisms. The current study adds the following to this understanding:
(1) A greater rightward position of the neo-pulmonary root is associated with a smaller LPA size, likely due to stretching of the LPA over the aorta. (2) Left lung blood flow decreases with dilation of the aortic root.
Preferential pulmonary blood flow to the right lung has been described in TGA patients both pre-operatively and following atrial redirection surgery, using iodine-131-labeled macroaggregates of human albumin. 9 The proposed aetiology of this phenomenon is an abnormal rightward inclination of the main PA which results in a preferential diversion of blood from the left ventricle in the direction of the right PA. 10 Some experts propose that preferential pulmonary blood flow to the right does not persist after the ASO.
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Others have found evidence for an increased risk for LPA stenosis when compared with RPA obstruction. 6, 11, 12 Our clinical experience and the data from this hitherto largest CMR study in patients after ASO corroborate this notion: even though the average relative LPA blood flow was only mildly decreased when compared with published data, 13, 14 morphological substrate for LPA stenosis and/or hypoplasia does persist beyond the Lecompte manoeuvre, although this study was not designed to assess the prevalence of branch PA stenosis in these patients and may contain a referral bias towards patients with suspected branch PA obstruction. While the aetiology of LPA stenosis is likely multifactorial, an elongated, stretched course of the LPA appears to be a mechanism in LPA obstruction after the ASO. 10 This hypothesis is supported by the finding that a greater rightward rotation of the neo-pulmonary root was associated with a smaller LPA size, however this correlation was modest. Nevertheless, 4 of the 18 patients with decreased LPA flow demonstrated an antero-posterior or even leftward position of the neo-pulmonary root, suggesting that other factors are at play in the pathogenesis of LPA obstruction after ASO. One such factor may be an enlarged aortic root. In fact, aortic root diameter correlated inversely with relative LPA flow. It has been proposed that the pulsatile distension of the aorta during systole, in particular, leads to compression of the LPA, favouring blood flow to the contralateral side. 12 Aortic root dilation and regurgitation are recognized long-term complications following an ASO and are typically well-tolerated haemodynamically. 15 Root dimensions usually plateau over time without significant progression, 5 and only 5% of patients require aortic root surgery by 10 years 5 of age. Risk factors for the development of aortic root dilation include prior pulmonary arterial banding, Taussig-Bing anatomy and presence of a VSD. 16 Root dilation may be a sign of maladaptation of the former pulmonary wall (the neo-aorta following an ASO) to the higher postoperative systemic pressures; 17 scarring around surgical suture lines may promote reduced root elasticity and distensibility. 18 Abnormal flow patterns, visualized by 4D flow CMR, have been identified in patients with bicuspid aortic valves and enlarged ascending aortas. 19, 20 Interestingly, similar abnormalities have been described after the ASO, which establishes ventriculoarterial concordance, but does not restore the usual spiral configuration of the great vessel arising from the heart. 21 These abnormal flow patterns with increased flow helicity result in increased shear stress which may contribute to root dilation. In computational modelling, spiralling of the great vessels results in a more physiological passage of blood from the ventricles. 22 Based on these observations, 'spiralling' of the great vessels at the time of ASO has been proposed to reduce aortic root dilatation and may thus serve to reduce stretching and compression of the branch PA's. 22 -24 Branch PA Doppler measurements were technically not feasible in 1/5 of patients with available echocardiograms, a rate that is similar to other previously reported studies after the ASO. 25, 26 In the remainder, we did not find an association between Doppler gradients and decreased LPA flow, as a percentage of total pulmonary blood flow, although this study was not designed to compare these two imaging modalities. The observed poor agreement between echocardiography and CMR is likely multifactorial (and may be related to design), but redistribution of blood flow in the face of LPA stenosis to the (unobstructed) contralateral side is thought to play a role. As a result, echocardiography may underestimate the degree of obstruction. Overall, the difficulty in visualizing the PA's conclusively by echocardiography, the inability to reliably identify patients with decreased LPA flow, and the poor agreement of 2D echocardiography with cardiac catheterization 11 all cast doubt on echocardiography as the only surveillance test for PA stenosis after ASO. CMR may be indicated, at least in patients with suboptimal visualization and Doppler insonnation of the branch PAs by echocardiography.
Study limitations
This is a retrospective study and therefore is subject to limitations inherent to this approach, mostly related to referral bias and missing data points. Doppler information, in particular, was missing in 28 patients as some were followed at other institutions and were referred only for CMR, in others the PAs could not be evaluated due to insufficient acoustic windows. While it is reasonable to assume stable morphology and haemodynamics over a maximum interval of 6 months between echocardiography and CMR a small risk for the development of LPA stenosis or worsening aortic regurgitation during this time remains. Although the cohort size is respectable in the context of existing studies, finite statistical power may have obscured further associations. Even though the LPA is the most frequent site of branch PA stenosis, the RPA is also affected in a proportion of patients. The numbers of patients with either decreased RPA flow or increased Doppler gradients in our initial cohort were too low to assess mechanisms of RPA obstruction. In theory, the great arterial relationship and its effect on the LPA may change with somatic growth. This question could not be addressed as very few of our patients had serial CMR studies available for review.
Conclusion
This study provides additional insight into the aetiology of LPA obstruction following the ASO. Greater rightward positioning of the neo-pulmonary root and aortic root dilation LPA origin contribute to reduced LPA area and pulmonary blood flow. In the future, it may be possible to reduce the incidence of LPA obstruction and flow imbalance by adjusting the surgical strategy at the time of the ASO, thus modifying the risk of LPA stenosis.
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